1. Introduction {#sec1-sensors-19-02322}
===============

Japan owns, in total, a 200,000 km gas pipeline distribution network. However, it is a country with frequent severe natural disasters such as floods and earthquakes. Gas pipeline networks need to be inspected and maintained regularly since the leakage caused by destruction such as corrosion, deformation, and cracking will endanger the safe supply of gas. In recent years, various pipeline robots for pipe inspection and maintenance have been developed as they are more effective and cost less compared with traditional destructive pipe inspection methods. Destructive inspection is inefficient because it requires the pipeline to be removed from the ground. Besides, pipeline robots are more precise and time-saving than conventional external inspection technologies based on non-destructive sensor network inspection technologies such as fiber optic distributed temperature sensing (DTS) system \[[@B1-sensors-19-02322]\].

The application of pipeline robot for inspection and maintenance has been regarded as one of the most suitable and effective solutions available. The inspection system usually consists of a robot which performs the inspection and transfers the data back to the controller terminal using a cable or wireless device. There are many kinds of approaches being proposed for inspecting pipelines including a CCTV camera, penetrating radar, ultrasonic sensor, infrared thermography, pressure (water, gas, etc.) sensor, concentration (gas) detection sensor, in-pipe temperature sensor, etc. After the information from the pipe is collected by these sensors, it requires transmitting to the external terminal in real time. Besides, most robots are manually controlled by operators through the control terminal and the control signals should be also transmitted efficiently. Therefore, the inspection robots require a stable, efficient, real-time, long-distance, and high-quality information interaction with the external terminal. Currently, it is still difficult for robots to realize the above requirements because of communication problems within the pipe. Whether a wired or wireless pipe inspection robot, they are limited by the complicated pipe environment. This limitation is mainly manifested in the cable restriction and wireless attenuation.

In this article, we propose a new pipe inspection robot chain system (RCS) based on visible light relay communication and illuminance assessment. The proposed system has several advantages. (1) It can effectively increase the inspection range with the RCS due to the wireless signal relay between multiple robots. (2) The visible light relay communication (VLRC) enables the robots to achieve high-quality and low-loss communication with the external controller. (3) The visible light communication (VLC) system can not only achieve distance estimation and communication but also provide illumination for pipeline inspection.

2. Related Works {#sec2-sensors-19-02322}
================

Several studies related to pipeline inspection robots have been carried out. ALSTOM and MRINSPECT are two typical wired robots with cables of Ethernet and RS485. In a straight pipe, the standard communication distance can reach about 50--80 m at 100 kbit/s-5 Mbit/s transmission rate. In complex pipeline environments, the inspection distance can be significantly reduced due to the communication cable's restriction such as friction with elbow and entanglement \[[@B2-sensors-19-02322],[@B3-sensors-19-02322],[@B4-sensors-19-02322]\]. Another effective communication approach in pipe inspection is using wireless communication. The most well-known robots are EXPLORER and KANTARO, which have a flexible inspection system. The 2.4 GHz Wi-Fi/ IEEE 802.11b technology is adopted in these robots. The transmission rate can reach almost 2 Mbit/s, but the effective communication distance is limited to 30--50 m. This distance can be shorter if they are deployed in a metal pipe with small diameter (e.g., 50 mm) \[[@B5-sensors-19-02322],[@B6-sensors-19-02322],[@B7-sensors-19-02322],[@B8-sensors-19-02322]\]. Moreover, they have an inspection system based on a wireless sensor network (WSN). In the system, an underground, in-pipe robot serves as a sensor node (SN) that captures and transmits information of the pipe. An above-ground sensor network functions as a relay node (RN) for signal processing and relaying. Such a system has the potential to extend the communication distance. However, most pipes are deeply buried to avoid underground facilities, hence wireless signals cannot pass through thick soil layers or underground facilities, and therefore, this system can only be applied to shallow pipes \[[@B9-sensors-19-02322]\].

Currently, most pipeline inspection robots still have several limitations, which can be mainly classified into two factors: environmental and technical factors. The environmental factors are that the wireless signal attenuation can degrade the communication quality and reduce the inspection range of the robot. The reason is that when the wireless signal is transmitted in the pipe, the huge energy loss can occur due to the reflection and refraction of microwaves. Besides, the same problems exist in the inspection method based on robot-sensor hybrid networks, such as WSN. As stated above, wireless signals are unable to pass through the thick soil layers or underground facilities, therefore the wireless communication is also restricted. In addition, due to the unexpected environment complexities (i.e., elbows and T-junctions) in the pipe, the restrictions from communication cables in the pipe can be considered as a technical factor for wired robots.

In our former research, on the basis of the analysis of arbitrary pipeline environments, we have proposed a tracked pipe inspection robot chain system based on 2.4 GHz wireless relay communication. This system contains one 'leader robot' for in-pipe inspection and several 'follower robots' for the signal relay. To ensure the stability of this relay communication between adjacent robots, we have adopted a RSSI-based evaluation method for coordinated movement of RCS \[[@B10-sensors-19-02322]\]. Moreover, a wireless application layer communication protocol (WALCP) is used to enhance the stable performance of wireless relay communication. This system can enlarge the inspection range and provide some advantages compared with WSN-based inspection systems, such as higher applicability to the more complex environment regardless of pipeline layout and its depth. However, from the experimental results, we reveal some defects as follows. (1) The wireless signals possess severe attenuation when they are transmitted, especially in the small diameter metal pipe. (2) The communication quality is also not good since the data error ratio (DER) and data loss ratio (DLR) increase significantly when the transmission rate rises. (3) Since the wireless signal is not stable in the pipe, RSSI-based distance estimation and communication become inaccurate with floating and inaccurate RSSI data. These features can increase the risk of relay communication failure \[[@B11-sensors-19-02322]\].

In response to these problems, as a preliminary study, we propose a new RCS based on the VLRC. Recently, VLC technology has received attention since it can increase the available bandwidth for wireless communication which uses visible light (band: 380 nm\~80 nm) to transmit information. Since the concept of VLC was proposed in 2001, many related researches have promoted the development of this technology. In 2008, Little et al. developed a point-to-point bidirectional data transmission system using white LEDs as a light source. This system adopts the OOK modulation method which can reach a maximum 56 kbps transmission rate \[[@B12-sensors-19-02322]\]. In 2009, Zeng et al. proposed an optical multiple input multiple output (MIMO) technology based on white LED array and detector array. Then they analyzed the data transmission capabilities of this MIMO system. The maximum transmission rate could reach about 1 Gbps \[[@B13-sensors-19-02322]\]. In 2013, Azhar et al. proposed a MIMO system which adopts white light source. The system adopts orthogonal frequency division multiplexing (OFDM) technology to realize indoor communication with 1 Gbit/s transmission rate \[[@B14-sensors-19-02322]\].

In our research, visible light can also be used as a communication medium due to its high-speed encoding and transmitting features and an illumination function for pipe inspection. Compared with a wireless signal, VLC owns a high communication quality, especially the low transmission error ratio. Due to the short wavelength and diffuse reflection in the pipe, light owns less attenuation in the pipe, especially in the small diameter pipe. An illuminance assessment method for distance estimation and stable communication can work more precisely and effectively than the RSSI-based method. In summary, this system can not only extend the inspection range but also overcome the uncertainty and instability of wireless signal attenuation and can finally realize a precise and stable communication in the pipe.

3. Analysis of VLRC Transmission Channel {#sec3-sensors-19-02322}
========================================

In this study, we first analyze the concept of the VLRC channel. The VLRC system can be described as a multi-path transmission system and is composed of several baseband linear and time-invariant subsystems. Each subsystem owns instantaneous input power of the emitted light $P_{i}\left( t \right)$ and the output current $I\left( t \right)$ after photoelectric conversion. The relationship between these parameters can be summarized by the following equation \[[@B15-sensors-19-02322],[@B16-sensors-19-02322],[@B17-sensors-19-02322]\]:$$I\left( t \right) = \eta P_{i}\left( t \right) \otimes h\left( t \right) + N\left( t \right),$$ where $\eta$ represents the photosensitivity of the photo-detector, $h\left( t \right)$ indicates the impulse response of channels, and $N\left( t \right)$ denotes the white additive Gaussian noise \[[@B18-sensors-19-02322]\].

The $\left( {n - 1} \right)~rd$ average transmitted optical power $P_{t}\left( {n - 1} \right)$ can be given by: $$P_{t}\left( {n - 1} \right) = \lim\limits_{T\rightarrow\infty}\int_{- T}^{T}P_{i}\left( t \right)dt,$$

The $n~rd$ average received optical power $P_{r}\left( n \right)$ can be determined by:$$P_{r}\left( n \right) = H\left( 0 \right)P_{t}\left( {n - 1} \right),$$ where $H\left( 0 \right)$ is the direct current channel gain which can be described as $H\left( 0 \right) = \int_{- \infty}^{\infty}h\left( t \right)dt$, $n$ represents the number of VLC relay node.

Here, we consider that the transmission channel of visible light in the pipe includes two links: the unobstructed line-of-sight (LOS) links and non-line-of-sight (NLOS) links \[[@B19-sensors-19-02322],[@B20-sensors-19-02322],[@B21-sensors-19-02322]\]. LOS links rely on a direct transmission path between the transmitter and receiver for communication, whereas NLOS links usually rely on diffuse reflection from the pipe wall. During the transmission in the pipe, both LOS and NLOS should be considered. The VLRC channel structure is shown in [Figure 1](#sensors-19-02322-f001){ref-type="fig"}. The received power is generally described by the channel direct current gain of LOS and reflected path of NLOS as the following equation:$$P_{r}\left( n \right) = H_{LOS}\left( 0 \right)P_{t}\left( {n - 1} \right) + H_{NLOS}\left( 0 \right)P_{t}\left( {n - 1} \right).$$

4. Hardware Development of System {#sec4-sensors-19-02322}
=================================

In this section, a fundamental wheeled RCS is explained. A relay communication mechanism based on VLC is adopted in such a system. The RCS mainly consists of three communication nodes: a controller terminal, a follower robot which acts as a 'signal relay node', and a leader robot which mainly undertakes pipeline inspection tasks. The detailed communication system will be introduced in [Section 5](#sec5-sensors-19-02322){ref-type="sec"}.

4.1. System Architecture {#sec4dot1-sensors-19-02322}
------------------------

The RCS can be conceptualized as the following major functional blocks with the corresponding hardware architecture shown in [Figure 2](#sensors-19-02322-f002){ref-type="fig"}. [Figure 3](#sensors-19-02322-f003){ref-type="fig"} and [Figure 4](#sensors-19-02322-f004){ref-type="fig"} mainly describe the main mechanical and electrical mechanism in the leader and follower robots. This system consists of:**Control terminal:** This functional block is a micro-controller based on STM32F407VGT. It deals with the following tasks: (1) collecting analog control signals or commands and converting these signals to digital signals for robots, (2) modulating digital signals with pulse width modulation (PWM) method, (3) signal amplifying, filtering, (4) driving the light emitting diode (LED) spotlight.**Receive terminal:** This functional block is responsible for the reception and processing of sensor data. It directly handles visible light with the silicon PIN photodiode (SI-PIN PD). Then, it converts the signals into electrical signals by using a PIN PD. After signal amplifying, filtering, and demodulating, the sensor data from the leader robot are restored.**Leader robot:** This robot plays the most important role in the whole system. It is capable of completing gas pipe inspection tasks with gas detection sensors. The robot contains three parts: (1) The gas detection and transmission module: The robot can collect the information inside the pipe with barometric gas pressure/temperature sensor BMP280 and gas concentration sensor CCS811. The signals are processed and transmitted through the 'relay node' in the form of visible light. (2) The visible light intensity indication assessment module: The robot can realize the coordinated movement and reliable VLRC with the support of this module. The detail functions will be explained in [Section 4.3](#sec4dot3-sensors-19-02322){ref-type="sec"}. (3) The visible light receiver, motor drive, and robot controller modules: The robot can be controlled by the relay visible light signal from the control terminal.**Follower robot:** As a relay node, it can receive different kinds of data and retransmit to the corresponding object (leader or receiving terminal). It adopts a special VLC application protocol to prevent information conflict and mutual interference. This mechanism will be described in [Section 5.2](#sec5dot2-sensors-19-02322){ref-type="sec"}. The follower robot can achieve self-navigation in the pipe with three ultrasonic sensors.

4.2. VLC Transmitter Design {#sec4dot2-sensors-19-02322}
---------------------------

To establish the duplex VLRC, each robot and control terminal have VLC transmitters. In the control terminal, the functions of the transmitter realizes are signal analog/digital (A/D) conversion, signal modulation, signal amplifying, filtering, and wave transmission. The robot does not have A/D converters (ADCs), but the other functions are almost the same as the control terminal. In these transmitters, A/D conversion and signal modulation are completed in ARM-based STM32F407ZGT6 micro-controller. This module has several 12 bit ADCs, which are successive approximation ADCs \[[@B22-sensors-19-02322],[@B23-sensors-19-02322],[@B24-sensors-19-02322]\]. In this research, two-channel analog signals of joystick controller are captured and converted into 12-bit binary digital data. These digital signals can be modulated through the PWM modulation method. The modulation process is explained in [Section 5](#sec5-sensors-19-02322){ref-type="sec"} in detail. [Figure 5](#sensors-19-02322-f005){ref-type="fig"} shows the schematic design of the signal amplifier and filter. The signals from the micro control unit (MCU) are firstly amplified by the OPA861 \[[@B25-sensors-19-02322],[@B26-sensors-19-02322]\]. This chip provides a high dynamic range amplifier for wide-band transimpedance amplifier applications. It also owns high bandwidth of approximately 80 MHz. A second-order passive band-pass filter based on OPA657 is applied to filter out the low- and high-frequency components which can affect the normal signal transmission \[[@B27-sensors-19-02322]\]. As the most indispensable part of the VLC system, wave transmission module loads the modulated electrical signal onto the LEDs and converts electrical signals into optical signals. Since the current output of the main control ARM chip is too small, the modulated signal has to be amplified to display the change in LED optical power \[[@B28-sensors-19-02322],[@B29-sensors-19-02322]\]. As illustrated in the LED driver of [Figure 6](#sensors-19-02322-f006){ref-type="fig"}, we selected two NPN S8050 transistors as the Darlington amplifier. The maximum collector current of S8050 can reach 1500 mA. The current gain is set to about 110. It can almost satisfy the distortion-free transmission of modulated signals and power supply requirements of the LED light. The characteristics of LEDs have a profound impact on the communication quality and distance of the entire VLC system. Generally, white LEDs own a great advantage in light sources. We thus select XLamp XHP 70.2 LEDs provided by CREE. Co. as a light source for this RCS. Such LED owns 4292 l m output and maximum drive current can reach (Standard) 4.8 A (6 V) and 2.4 A (12 V) \[[@B30-sensors-19-02322]\].

4.3. VLC Receiver and Illuminance Assessment Module {#sec4dot3-sensors-19-02322}
---------------------------------------------------

The main function of the VLC receiver is to convert the optical signal to the electrical signal. In the receiver, the PD detects the optical signal, and at the same time, converts it into a current signal. After the amplifier processing and demodulation, the control signal can be restored. As the core part of the receiver, PD can convert optical wave energy into a current signal. Considering visible light wavelength range from 380--780 nm, in this research, we select SI-PIN PD S12915-33R which is provided by Hamamatsu Co. The maximum photoelectric conversion efficiency of such a product can reach almost 0.64 A/W. The photosensitive area is about 5.76 ${mm}^{2}$, the spectral response range is from 340 nm to 1100 nm, and the response frequency can reach maximum of 60 MHz \[[@B31-sensors-19-02322]\]. Similar to wireless transmission, the optical signal attenuation exists in the open air and also there are many interferences and noise issues during the channel transmission, so in the receiver part, amplifier and filter circuit for further pre-processing of the optical signal are important. We thus choose OPA2846 and OPA657 as an amplifier and high-frequency filter processor, respectively. OPA2846 is a low-noise, wide-band, typical dual, and voltage-operational amplifier. When setting up OPA2846 as the broadband PD amplifier, the important elements in the design is the diode capacitance (C1) with the reverse bias voltage (−5 V) and the desired transimpedance gain (R1). The schematic design is shown in [Figure 7](#sensors-19-02322-f007){ref-type="fig"}. It illustrates a design using a 10 pF source capacitance diode and a 10 kΩ transimpedance gain. It is necessary to adopt the low pass filter in the receiver due to ambient light such as sunlight in the open air. The frequency of light is much higher than the carrier signal we adopt for light communication, so these high-frequency components have to be filtered out in the process of filtering. As the filter circuit described in [Figure 7](#sensors-19-02322-f007){ref-type="fig"}, the OPA657 chip is used to build a second-order low pass filter circuit.

The digital illuminance sensor BH1750FVI is installed around the photodiode module. BH1750FVI is a digital ambient light sensor for I2C bus interface \[[@B32-sensors-19-02322]\]. This module can capture from weak ambient light (1 lx) to strong light (65528 lx). It fits to be used as the illuminance assessment for light relay communication. In the later experiments, we determine the precise illuminance parameter for the RCS. Using BH1750FVI, we have also divided the VLC into three regions: good communication (1165 lx \< illuminance\< 1495 lx), poor communication (974 lx \< illuminance \< 1165 lx), and lost communication (illuminance\<974 lx). In the first region, each robot is in good communication with each other. In the second region, each robot's function is abnormal because of poor VLC quality. In the last region, each robot may lose communication with each other. In the coordinated movement test, the robots function based on this illuminance assessment.

5. Software Development of System {#sec5-sensors-19-02322}
=================================

The software developed in this study contains modulation/demodulation between two robots and relay light communication of the whole system.

5.1. Modulation and Demodulation {#sec5dot1-sensors-19-02322}
--------------------------------

For the VLC system, a good selection of modulation and demodulation approach can obviously reduce multipath interference, and finally improve communication efficiency. The most important parts of this research are the technology of optical signal intensity modulation and demodulation. In the design of VLC system, the coding technology of communication is generally based on On Off Key (OOK), Pulse Position Modulation (PPM), Binary Phase Shift Keying (BPSK), and Orthogonal Frequency Division Multiplexing (OFDM). Based on the analysis of these types of modulation approaches, OOK is the simplest modulation method, however, the transmission rate is very low with huge signal transmission delay \[[@B33-sensors-19-02322]\]. BPSK method can effectively cut down inter-symbol interference in wireless channels, whereas the transmission information ability and bandwidth utilization rate are very low \[[@B34-sensors-19-02322]\]. As some of the important modulation methods used in VLC systems, PPM and OFDM methods have a high transmission rate. However, they have a low anti-interference ability and high DER to external light \[[@B35-sensors-19-02322],[@B36-sensors-19-02322]\]. This means the VLC system can be applied to the environment without ambient light.

In this article, we adopt a PWM method for the VLC system because it is easier to realize by hardware and has a relatively low DER at high transmission rate. This method can transform binary information code into pulse width waves through micro-controller, and then the LED drive module transmits a pulse width optical signal to the transmission channel. The advantages of this modulation approach lie in its strong anti-noise capability and high transmission rate. By adjusting the pulse width, information can be loaded into the output waveform. These pulses have the same amplitude and different widths. The digital signals '1' and '0' are defined based on the pulse width in one period. The carrier frequency used is set to 2\~2.68 KHz. When transmitting a signal '1', it takes 500 $\mathsf{\mu}s$, including 200 $\mathsf{\mu}s$ low level and 300 $\mathsf{\mu}s$ high level. When sending '0', it also requires 350 $\mathsf{\mu}s$, including 200 $\mathsf{\mu}s$ low level and 150 $\mathsf{\mu}s$ high level. In the receiver, the signal can be demodulated by determining the pulse width of the received pulse signal. For example, in our VLC control system, we choose the Grove-thumb Joystick controllers. There are two 0--10 kΩ potentiometers for X-axis and Y-axis respectively which controls 2D movement of the robot by analog signals. When the module is in working mode, the output will be two kinds of analog values, representing X- and Y-axis directions. The micro-controller can detect these two analog values and convert into 12 bits digital signal through two successive approximation ADCs \[[@B37-sensors-19-02322]\].

At the receiver, the TIM1 input pin of MCU is directly connected to the PD module. As an advanced control timer, TIM1 can be easily set to the input capture mode. The special capture/compare register (TIM1_CCRx) is used to detect and measure the square wave pulse width. Then, we demodulate the detected signal according to the transmission protocol used by the signal modulation module. When entering the ID detection interruption program, the system receives and detects the pulse signal \[[@B38-sensors-19-02322]\]. After passing the ID checking, the ID detection flag is set to '1', and the ID detection interruption finishes and enters into the program of data detection interrupt. Here the digital signal '1' or '0' is determined according to the pulse width calculation in one period. After completing receiving 12 bits data of control command and detecting the end mark, they will convert 12-bit binary data to a decimal control command for robot control.

5.2. VLRC Mechanism {#sec5dot2-sensors-19-02322}
-------------------

In the relay transmission, the modulation/demodulation mechanism is the same as direct transmission between the controller terminal and one robot. Here we adopt a VLRC mechanism for duplex communication in the RCS. The phenomenon of scattering and diffuse reflection exists when the light is transmitted into the pipe \[[@B39-sensors-19-02322],[@B40-sensors-19-02322],[@B41-sensors-19-02322]\]. This phenomenon has an impact on light-based communication quality. For the above reason, a mechanism based on the message identifier is presented in this study. This mechanism is capable of preventing information conflict and mutual-interference from light scattering and diffuse reflection, and thus can improve the security and accuracy of information transmission \[[@B42-sensors-19-02322]\].

### 5.2.1. Message Identifier Structure and Frame Format {#sec5dot2dot1-sensors-19-02322}

The VLRC mechanism is adopted in the design of the information frame. As mentioned in the modulation and demodulation section, each information frame contains: the message identifier, data of information, and end mark. The node ID of frame identifier is set as follows: one 100 $\mathsf{\mu}s$, 120 $\mathsf{\mu}s$, and 130 $\mathsf{\mu}s$ pulse width square wave which represent nodes: controller, follower, and leader robot, respectively. There are two types of signals in this communication system: control command and sensor data, so after setting of 'node ID', the 'signal type ID' is set as follows: two 100 $\mathsf{\mu}s$ and two 125 $\mathsf{\mu}s$ pulse width square waves indicate sensor data and control command, respectively. Then before data transmission, there are two 100 $\mathsf{\mu}s$ square waves required for starting transmitting the data frame. The transmission of 12 bits digital data requires 7.2 ms in total \[[@B43-sensors-19-02322]\]. After the transmission of 12 bits data, there is one square pulse with a width of 200 $\mathsf{\mu}s$ as the end mark. This mechanism enables the identification of useful message and filters out the useless message the receiver receives.

### 5.2.2. Software Realization of Relay Process {#sec5dot2dot2-sensors-19-02322}

As in [Figure 8](#sensors-19-02322-f008){ref-type="fig"}, relay frame routing follows this principle: The leader robot is the terminal receiver, which only receives data frames from the control terminal over the relay of the follower robot. Moreover, the leader robot can identify the control command ID and further process these command signals. This leader robot can also send sensor data frame with the ID identifier to the follower robot. As the function of the follower robot is 'relay node', it can receive the sensor information with corresponding ID from the leader robot and bypass this message to the control terminal. Similarly, it can bypass the control command from the control terminal to the leader robot with the corresponding ID \[[@B44-sensors-19-02322]\].

6. System Performance Evaluation {#sec6-sensors-19-02322}
================================

To verify the performance of the proposed RCS, a series of experiments were carried out. (1) The waveform tests of VLRC between the transmitter, follower robot, and leader robot were conducted in the laboratory environment. (2) The two parameters of the RCS: DER and DLR were measured at different distances and different transmission rates. (3) When performing the in-pipe experiments, the effective communication region was determined with the leader robot in a 300 mm diameter straight pipe. (4) When testing the coordinated movement of the RCS, illuminance assessment, an assessment of the light illuminance power present in a received light signal, was recorded. We also tested the coordinated movement of the RCS in the pipe with steel cover to avoid the ambient light, and illuminance was recorded during this experiment \[[@B45-sensors-19-02322]\].

6.1. Waveform Test of System {#sec6dot1-sensors-19-02322}
----------------------------

In the laboratory environment, we first conducted VLRC waveform testing on control command signals. The interval between each adjacent robot was 1 m. To avoid the ambient light, we turned off the room light. As illustrated in [Figure 9](#sensors-19-02322-f009){ref-type="fig"}a, the entire data frame of the control command was recorded. This signal indicated the signals sent by the control terminal. The yellow waveform was composed of multiple rectangular wave signals. The purple waveform represented the signals received by the 'relay node' of the follower robot. The high-frequency noise was added to the transmission channel in the purple waveform. The effective voltage of signal changed from 3.3 V to 2.4 V \[[@B46-sensors-19-02322]\]. [Figure 9](#sensors-19-02322-f009){ref-type="fig"}b demonstrated the signal waveforms transmitted between the follower and leader robot. The yellow waveform indicated the signal transmitted by the 'relay node'. In 'relay node', this signal was re-modulated and amplified from the light signal. The purple wave denoted the actual light signal that the leader robot received after the second channel attenuation in the open air. Although some signals had a certain attenuation and some a high-frequency noise, this relay communication could still satisfy the further experimental requirements and realize the effective light transmission.

6.2. Communication Quality Test of System {#sec6dot2-sensors-19-02322}
-----------------------------------------

To further investigate the reliability of the RCS, a series of VLRC quality test were carried out in the lab. Two important parameters: DER and DLR were measured and analyzed \[[@B47-sensors-19-02322]\]. [Figure 10](#sensors-19-02322-f010){ref-type="fig"} depicts the experiment setting for this test. The distance between each robot was about 180 cm. The maximum total relay communication distance between the leader robot and the controller can reach about 360 cm (2 × 180 cm). The control terminal continuously sent a standard 12 bits frame data 0xFFF to the 'relay node' of the follower robot at a certain transmission rate. The leader robot received this data through this 'relay node' and the statistics of the received data at the leader robot were evaluated in this communication quality test. DER means the error rate the data frame received by the leader robot compared to the standard frame sent by the control terminal. DLR indicates the percentage of the data frame that is lost during light transmission or demodulation. To measure these parameters in a dark environment under different data rates and different distance can help us to estimate the maximum transmission distance and suitable transmission rate. First, in this system, we adopted the 2.5 kbps transmission rate and tested DER and DLR at different distances from 50 to 350 cm (maximum 360 cm) \[[@B48-sensors-19-02322]\]. As described in [Figure 11](#sensors-19-02322-f011){ref-type="fig"}a,b, the DER and DLR increased as distance extended. When the transmission distance of the system was within 150 cm, the DER and DLR could reach less than nearly 0.5% and 5%, respectively. When the distance was more than 150 cm, both parameters rose significantly. The reason for this is that the longer the transmission distance, the more obvious the scattering effect of light, and the greater the transmission attenuation in the channel. We tested the communication quality of RCS at 250 cm distance using four different transmission rates: 2.5, 5, 7.5, and 10 kbit/s \[[@B49-sensors-19-02322]\]. As shown in the analysis from [Figure 12](#sensors-19-02322-f012){ref-type="fig"}a,b, notably from 2.5 kbit/s to 10 kbit/s, the DER just increased from 0.32% to 0.74%, while the DLR rose significantly from 7.81% to 22.31% with PWM method. Through these experiments, one conclusion can be obtained: that the higher the transmission rate, the higher the chance of data transmission loss and error. From [Figure 12](#sensors-19-02322-f012){ref-type="fig"}a,b, OOK method was evaluated as a reference standard to compare with PWM in order to show that the PWM method had relatively low DER at the same transmission rate. The OOK method showed larger data error than the PWM method when the transmission rate was set below 10 kbit/s. As a special Amplitude Shift Keying (ASK) method, OOK method was based on carrier amplitude modulation. It was the most energy-saving method because it transmitted energy only when digital data \"1\" was sent. However, it could only demodulate the signal with a high signal-to-noise ratio. Therefore compared with PWM, it required for high hardware demodulation ability. Big DLR occurred because of failure of demodulation. Although OOK was much easier to realize, the transmitter using the OOK method had low transmitting power. In the same transmission distance, the DLR and DER were much larger than the PWM method. Whereas PWM had many advantages such as quick response time and lower DER at a rate below 10 kbit/s, we therefore used the PWM method for our system. [Figure 11](#sensors-19-02322-f011){ref-type="fig"}a also depicted that DER of WRC rose from 0.35% to 1.97%, which was higher than VLC (0.21--0.71%). In [Figure 11](#sensors-19-02322-f011){ref-type="fig"}b, the DLR of WRC and VLRC were almost the same except for the longer distance such as 350 cm. At this distance, the VLRC system had bigger DLR = 31.14% than WRC because of huge light scattering in transmission. In this research, DER was more important for information transmission in the pipe inspection mission.

6.3. Experiment on Relationship between Illuminance Assessment and Communication Region {#sec6dot3-sensors-19-02322}
---------------------------------------------------------------------------------------

Before analyzing the comprehensive performance on the RCS based on VLRC, the 'light-control' quality and precision of a single robot should be considered. In [Figure 13](#sensors-19-02322-f013){ref-type="fig"}, the leader robot was placed in the 3.5 m length pipe. The illuminance of control terminal spotlight was about 1500 lx. Through the tests, three zones (good, poor and communication cut-off) could be divided. From [Figure 13](#sensors-19-02322-f013){ref-type="fig"} and [Figure 14](#sensors-19-02322-f014){ref-type="fig"}, the robot was initially in a good communication region (DER\< 0.45%) \[[@B50-sensors-19-02322]\]. When the robot entered the pipe to a depth of approximately 164 cm, the illuminance reduced to 1165 lx. Meanwhile, it was in a poor communication state. Some decode error of control command and severe data frame loss was observed. The robot might function abnormally in this region of poor visible light quality. As illustrated in [Figure 14](#sensors-19-02322-f014){ref-type="fig"}, the distance of 164--188 cm was considered as the poor communication region. Above 188 cm, the robot lost communication with the illuminance of 974 lx \[[@B51-sensors-19-02322]\]. Through these tests, the relationship between illuminance and effective communication region could be determined.

6.4. Movement and Illuminance Assessment Test in the Transparent Straight Pipe {#sec6dot4-sensors-19-02322}
------------------------------------------------------------------------------

The movement tests of the RCS were conducted in the 3.6 m length transparent pipe. [Figure 15](#sensors-19-02322-f015){ref-type="fig"} illustrated the coordinated movement of the whole system in the pipe. In this test, the leader robot was designed to conduct a mission of pipe inspection with detection modules. It could obtain pipe information such as air pressure, temperature and gas concentration. This information was processed and sent by light carrier to the follower robot. The leader robot was manually controlled through the control terminal. It first entered the pipe. When it arrived at the region where the communication was unstable, it stopped and waited for the follower robot to recover the light signal. Then, the leader robot could communicate again with the control terminal with the support from 'relay node'.

In this test, an important parameter about the illuminance of both 'leader robot' and 'follower robot' was also recorded and illustrated in [Figure 16](#sensors-19-02322-f016){ref-type="fig"}. The illuminance assessment could reflect the strength of the visible light signal received by each robot of the system. Entirely based on the preliminary measurement on a single robot, we could get the conclusion that each robot could keep a good 'link' through VLC when only the illuminance was above the 1165 lx. A black dotted line was added to the figure to indicate a stable and unstable communication boundary line with illuminance = 1165 lx. Moreover, a red dotted line was added to show the threshold of losing communication with illuminance = 974 lx. The whole experimental mission took nearly 46 s. The leader robot first entered the pipe at 2 s and moved forward to the target detection region. At around 14--16 s, the leader robot reached the region of 'poor communication', and illuminance decreased significantly from about 1495 lx to 1165 lx. According to the setting of the program, the robot stopped at this moment. Then, we placed the follower robot in the pipe, and it could move to the leader robot based on the self-navigation mode. Before 18 s, the follower one was at the pipe entrance with a good 'link' with the control terminal. The follower one could keep stable communication with the controller until 27 s. After this time, it was at the boundary of poor communication mode, which might have resulted in control error or sensor data error. However, during the period from 16 to 27 s, the leader robot recovered the communication with the help of 'signal relay' from the follower one. At the end of this test, the system was at the boundary of good communication conditions with stable illuminance of approximately 1165 lx.

6.5. Movement and Illuminance Assessment Test in the Straight Pipe with Steel Cover {#sec6dot5-sensors-19-02322}
-----------------------------------------------------------------------------------

To further verify the comprehensive performance of such a system, the movement tests in the transparent pipe are not enough. There are two reasons: (1) Since visible light can penetrate the pipe wall and create a big energy loss. (2) The ambient light can also affect the experimental results. Thus, we built a simulated environment with a steel cover to reduce these effects. [Figure 17](#sensors-19-02322-f017){ref-type="fig"} and [Figure 18](#sensors-19-02322-f018){ref-type="fig"} illustrated the coordinated movement of RCS in the pipe with steel cover. The RCS was operated to complete the whole mission including the 'signal relay' and coordinated movement as experiments before. The illuminance was measured and recorded during the movement test. As is similar with tests in the transparent pipe, the communication between leader robot and control terminal became unstable communication region at about 14 s and soon recovered the signal with the 'signal relay' from follower robot at around 18 s. When the follower robot entered the pipe at 30 s, it could be near the boundary of unstable communication with the control terminal. However, the leader robot was in a good communication region because of the 'signal support' from the follower one. In [Figure 18](#sensors-19-02322-f018){ref-type="fig"}, the leader robot was in a poor communication state at 14 s, while at 11 s in [Figure 16](#sensors-19-02322-f016){ref-type="fig"}. Before losing signal in the poor communication state, the leader robot in the steel pipe travelled a longer distance than in the transparent pipe. By further analyzing the experimental results, we could find that due to the light diffuse reflection in the pipe, the light energy attenuation was smaller than in the transparent pipe. This resulted in the longer transmission range in the pipe.

Finally, we took the leader robot as an example and made a spectrum analysis of the former RSSI-based and proposed the illuminance-based evaluation method. These two signals were converted into frequency domain signals by FFT transformation. [Figure 19](#sensors-19-02322-f019){ref-type="fig"} was obtained based on the analysis of the former wireless-based RCS \[[@B10-sensors-19-02322]\]. From [Figure 19](#sensors-19-02322-f019){ref-type="fig"} and [Figure 20](#sensors-19-02322-f020){ref-type="fig"}, we could see that the main frequency distribution range was from 234 to 1417 Hz, whereas the frequency range of illuminance from illuminance-based RCS was from 21 to 52 Hz. Since RSSI was highly affected by reflections by the pipe wall, the high-frequency noise exists. These noises would affect the evaluation method and generate imprecise results. In this research, the illuminance-based assessment method for the RCS was more stable and precise than the former RSSI-based approach since it owned less high-frequency noise.

7. Conclusions and Future Work {#sec7-sensors-19-02322}
==============================

In this study, in order to overcome the challenge of limited inspection range brought by cable friction and wireless attenuation, a preliminary study using visible light communication was conducted, then a wheeled robot chain system based on the VLRC was developed. To verify the feasibility and performance of this system, we carried out four tests. Firstly, waveform experiment of relay signal transmission was carried out in the laboratory environment. The results revealed that such a relay communication system could realize the effective light transmission with low noise. Secondly, the system was tested on communication quality. Although VLRC possessed bigger DLR than wireless communication, the DER was smaller. DER was more important for information transmission in the pipe inspection mission. Thirdly, an experiment on the relationship between illuminance indication and communication region was conducted. Through this test, the effective communication region was determined. Finally, a set of movement tests were carried out in the transparent pipe and the pipe with steel cover. The results revealed that the coordinated movement of this system could be realized with VLRC and illuminance assessment. The illuminance assessment method was more precise than the RSSI-based evaluation method.

Although the proposed system made breakthroughs, the defects of the system can also be found. These defects are highlighted below:In order to extend the inspection range with more effective and high-quality communication method, some VLC characteristics in the pipe should be studied further. These studies may contain: signal to noise ratio analysis, research on diffuse path gain of light in different pipelines, experiment on the effect of inter-symbol interference, study on diffuse reflection and scattering features of light transmission in gas medium, test on the influence of visible light components of different frequencies and wavelengths on light communication.The selection of PWM method in this research has not been appropriately justified. There is still a lack of numerical analysis to verify the transmission performance improvement based on such a method. Actually, the DER indicates that the PWM is a poor choice at low lux level. The redesign of the modulation/demodulation module and the relay module will be a better solution. From [Figure 12](#sensors-19-02322-f012){ref-type="fig"}a,b, the results demonstrate that if the transmission rate is beyond 10 kbps, big DER will occur. In addition, we have done the communication experiment at a transmission rate of 15 kbit/s for both methods. The results depict that the communication cannot be realized by both the PWM and OOK methods. Through the short distance test, we discovered that the demodulation system based on embedded STM32 we developed has limitation to capture and recognize the digital pulse accurately if the rate is beyond 10 kbit/s. Besides, a new MCU such as FPGA for modulation and demodulation should also be considered. Like the prototype, although this transmission rate is enough for robot controlling, it is not enough for video transmission for pipe inspection. The selection of other advanced modulation techniques should be considered and performance comparison at a high data rate and low lux level should also be implemented.This system can increase the risk of the system's control and communication complexity. In order to make the system more robust and stable, a new control and communication algorithm should be further investigated.Such a system still has difficulties to adapt to a more complex pipe environment such as the elbow, T-junction, etc. The solution can be described as: (1) optimizing the mechanical structure of the robot, (2) improving communication ability in these complicated regions by analyzing and improving the property of light diffusion in elbow or T-junction.
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The following abbreviations are used in this manuscript:

DTS

Distributed Temperature Sensing

WRC

Wireless Relay Communication

VLC

Visible Light Communication

VLRC

Visible Light Relay Communication

MIMO

Multiple Input Multiple Output

ADC

Analog-to-Digital Converter

MCU

Micro Controller Unit

OOK

On Off Key

BPSK

Binary Phase Shift Keying

PPM

Pulse Position Modulation

OFDM

Orthogonal Frequency Division Multiplexing

PWM

Pulse Width Modulation

RCS

Robot Chain System

DER

Data Error Ratio

DLR

Data Loss Ratio

RSSI

Received Signal Strength Indication

LED

Light Emitting Diode

WSN

Wireless Sensor Network

LOS

Line Of Sight

NLOS

Non Line Of Sight

WALCP

Wireless Application Layer Communication Protocol

RN

Relay Node

SN

Sensor Node

![Channel structure of visible light relay communication (VLRC).](sensors-19-02322-g001){#sensors-19-02322-f001}
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![The electrical structure of the follower robot.](sensors-19-02322-g003){#sensors-19-02322-f003}
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![Schematic design of the signal amplifier and filter of a visible light communication (VLC) transmitter.](sensors-19-02322-g005){#sensors-19-02322-f005}
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![Schematic design of signal amplifier and filter of VLC receiver.](sensors-19-02322-g007){#sensors-19-02322-f007}

![Relay frame routing of (**a**) leader robot and (**b**) follower robot.](sensors-19-02322-g008){#sensors-19-02322-f008}

![The waveform of transmission between (**a**) control terminal and follower robot (**b**) follower robot and leader robot.](sensors-19-02322-g009){#sensors-19-02322-f009}

![Experimental setting for communication quality testing.](sensors-19-02322-g010){#sensors-19-02322-f010}

![(**a**) Data error ratio (DER) and (**b**) Data loss ratio (DLR) test at different distance.](sensors-19-02322-g011){#sensors-19-02322-f011}

![(**a**) DER and (**b**) DLR test at different transmission rate.](sensors-19-02322-g012){#sensors-19-02322-f012}
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![Coordinated movement of Robot Chain System (RCS) in transparent pipe.](sensors-19-02322-g015){#sensors-19-02322-f015}

![Comprehensive illuminance assessment test of RCS in the transparent pipe.](sensors-19-02322-g016){#sensors-19-02322-f016}

![Coordinated movement of RCS in the pipe with steel cover.](sensors-19-02322-g017){#sensors-19-02322-f017}

![Comprehensive illuminance assessment test of RCS in pipe with steel cover.](sensors-19-02322-g018){#sensors-19-02322-f018}

![Spectral analysis of RSSI for the leader robot in the pipe with steel cover.](sensors-19-02322-g019){#sensors-19-02322-f019}

![Spectral analysis of illuminance for the leader robot in the pipe with steel cover.](sensors-19-02322-g020){#sensors-19-02322-f020}
